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In a laser plasma accelerator (LPA), a short and intense laser pulse propa-
gating in a plasma drives a wakefield (a plasma wave with a relativistic phase
velocity) that can sustain extremely large electric fields, enabling compact accel-
erating structures [1–4]. Potential LPA applications include compact radiation
sources [5–8] and high energy linear colliders [9–11]. We propose and study
plasma wave excitation by an incoherent combination of a large number of low
energy laser pulses (i.e., without constraining the pulse phases). We show that,
in spite of the incoherent nature of electromagnetic fields within the volume
occupied by the pulses, the excited wakefield is regular and its amplitude is
comparable or equal to that obtained using a single, coherent pulse with the
same energy. These results provide a path to the next generation of LPA-based
applications, where incoherently combined multiple pulses may enable high rep-
etition rate, high average power LPAs.
The plasma wave excited by a laser pulse propagating in an underdense plasma is the
result of the gradient in laser field energy density providing a force (i.e., the pondero-
motive force) that creates a space charge separation between the plasma electrons and
the neutralizing ions. For a resonant laser pulse, i.e., with a duration T0 ∼ λp/c, where
λp = 2π/kp = 2πc/ωp is the plasma wavelength, and ωp = (4πn0e
2/m)1/2 is the electron
plasma frequency for a plasma with density n0 (c is the speed of light in vacuum, m and
e are, respectively, the electron mass and charge), with a relativistic intensity, i.e., with
a peak normalized vector potential a0 = eA0/mc
2 ∼ 1 (A0 is the peak amplitude of the
laser vector potential), the amplitude of the accelerating field is of order E0 = mcωp/e, or
E0[V/m] ≃ 96
√
n0[cm−3]. For example, n0 ∼ 10
17 cm−3 gives E0 ≃ 30 GV/m, which is
three orders of magnitude higher than in conventional accelerators.
Applications for LPAs that produce electron beams with energies 1-10 GeV include free
electron lasers in the x-ray regime [5–8] and accelerator modules for linear colliders [9–11].
For example, a conceptual design for a 1 TeV center-of-mass electron-positron LPA-based
linear collider is presented in Ref. 10. Both the electron and positron arms of the collider
require 50 LPA stages at 10 GeV with a length of ∼ 1 m and a density n0 ∼ 10
17 cm−3.
Each LPA stage is powered by a laser pulse with tens of J of energy with duration T0 . 100
2
fs and an intensity such that a0 ∼ 1, which is achievable with present laser technology. The
required laser repetition rate, however, as dictated by luminosity requirements, is frep ∼ 10
kHz (an average power of hundreds of kW), which is orders of magnitude beyond present
technology.
To date, LPAs are typically driven by solid-state (e.g., Ti:sapphire) lasers that are limited
to an average power ∼ 100 W. For example, the Berkeley Lab Laser Accelerator (BELLA)
laser delivers 40 J pulses on target at 1 Hz [12]. Since virtually all applications of LPA
will benefit greatly from higher repetition rates, it is essential that high average power laser
technology continues to be developed.
Several laser technologies are being developed to provide systems with high average power
and high efficiency [2, 13]. For example, in Refs. 13 and 14, a scheme is presented were a
large number of diode-pumped fiber systems, delivering pulses with ∼ mJ energy at kHz
repetition rate, are combined in such a way the relative phases of the output beams are
controlled so they constructively interfere (coherent combination) and produce a single,
high power output beam with high efficiency. Coherent combination of a large number of
fiber lasers (e.g., ∼ 104 fibers for a total pulse energy of 10’s of J) for an LPA is extremely
challenging, requiring short pulse beams (duration < ps) that are matched in phase, time
and space. To date, the coherent combination of an array of 64 (continuous wave) beams
from fiber amplifiers has been demonstrated [15]. The coherent combination of a small
number of femtoseconds pulses has also been achieved [16, 17].
As is shown below, an LPA does not require a fully coherent drive laser pulse. This is true
because the LPA wakefield is excited by the ponderomotive force (i.e., the gradient in the
electromagnetic energy density), along with the fact that the plasma responds on the time
scale λp/c. Large amplitude wakefield excitation requires sufficient electromagnetic energy
within a given volume, typically of the order of∼ λ3p. Since the wakefield response behind the
driver depends on the time-integrated behavior of the electromagnetic energy density of the
driver over λp/c, it is insensitive to time structure in the driver on time scales≪ λp/c, which
allows for the use of incoherently combined laser pulses as the driver. Theoretically, this
can be easily demonstrated in the linear (a2 < 1) wakefield regime in which the amplitude
of the electric field of the wake is small (|E|/E0 < 1). In the linear regime, the wake electric
field E is given by [1] (
∂2/∂t2 + ω2p
)
E/E0 = −(cωp/2)∇a
2, (1)
3
with the solution
E/E0 = −(c/2)
∫ t
0
dt′ sin[ωp(t− t
′)]∇a2(t′), (2)
This Green function solution averages out the small scale time structure in the ponderomo-
tive force. Hence, in effect, the wakefield is given by
(
∂2/∂t2 + ω2p
)
E/E0 ≃ −(cωp/2)∇〈a
2〉, (3)
where the angular brackets represent a time average over scales small compared to λp/c.
Owing to the time average process characterizing the wake excitation, we show that
multiple, low-energy, incoherently combined laser pulses can deposit sufficient field energy
in the plasma to ponderomotively drive a large wakefield. We show that no phase control
in the combination of multiple laser pulses is required for LPAs. We find that, under
certain conditions, the wake generated by an incoherent combination of pulses is regular
behind the driver and its amplitude is comparable, or equal, to the one obtained by using a
single coherent pulse with the same energy. We expect that the fundamental requirements
to achieve incoherent combination are more relaxed compared to coherent combination.
Hence, incoherent combination may provide an alternative and technically simpler path to
the realization of high repetition rate and high average power LPAs.
To illustrate the physics of wake generation by incoherently combining multiple laser
pulses, we present two examples of incoherent combination schemes, namely spectral com-
bination and mosaic of beamlets. In the first example we consider N laser pulses with the
same length and spot size, and different (random) phases, propagating (along z direction) in
a parabolic plasma channel. The laser spot size is the one ensuring matched propagation in
the channel. The pulses have different wavelengths and they are spectrally separated (i.e.,
the power spectra of the pulses do not overlap with each other) and so the total energy of the
incoherent combination equals the sum of the energies of the pulses. From an experimental
point of view, the condition of spectral separation allows the overlap of the different pulses
by using a dispersive optical system like a sequence of dichroic mirrors, a grating, or a prism
[18]. In Fig. 1a we show (red line) the on-axis lineout of the driver energy density generated
by spectrally combining 48 pulses. The pulses have the same energy (and intensity), and
their centroids are overlapped. For each frequency in the combination we accommodate two
laser pulses with orthogonal polarizations (polarization multiplexing). The black dashed line
in the same panel is the laser energy density for a single (circularly polarized) coherent pulse
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FIG. 1. Laser energy density and wakefield generated by a wavelength combining
scheme. a, On-axis lineout (red line) of the electromagnetic energy density obtained overlapping
48 spectrally separated laser pulses (including polarization multiplexing). The field of each pulses
has a cosine-squared longitudinal profile with a FWHM duration of 30 fs, and a Gaussian transverse
profile with a spot size of 12 µm. All the pulses have the same energy. The minimum and maximum
laser wavelengths of the pulses are λ0,min = 0.2 µm (a0(λ0,min) = 0.03), and λ0,max = 2.7 µm
(a0(λ0,max) = 0.47). The laser beams propagate (matched propagation) in a parabolic plasma
channel with an on-axis density n0 = 10
18 cm−3. The black dashed line is the electromagnetic
energy density for a single, circularly polarized, coherent, laser pulse with an energy equal to that
of the incoherently combined pulses, and an intensity such that a0,coherent = 1 for λ0 = 0.8 µm. b,
Map of the longitudinal wakefield, Ez(ζ, x), generated by the incoherent combination. c, On-axis
lineout of the longitudinal wakefield for the incoherent combination (red line) and for the coherent
pulse (black dashed line).
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with the same energy (see Fig. 1 caption for the laser and plasma parameters). In Fig. 1b
we show a map, obtained with the PIC code ALaDyn [19, 20], of the longitudinal wakefield,
Ez(ζ, x), ζ = z − ct being the longitudinal coordinate relative to the laser driver and x
the transverse coordinate, generated by the incoherent combination. Finally, Fig. 1c shows
the on-axis lineout of Ez for the incoherent combination (red line) and for the circularly
polarized laser pulse (black dashed line). We notice, from both Fig. 1b and Fig. 1c, that
the wakefield from incoherent combination shows an incoherent pattern within the driver
region, namely for |kpζ | . 2. However, behind the driver region (kpζ . −2), the wakefield is
regular and its amplitude equals the one of the single coherent pulse with the same energy.
In the second example we consider a collection of short and narrow laser beamlets placed
side-by-side, both longitudinally and transversally, tiling a prescribed volume. Each pulse
has high (relativistic) peak intensity but low energy owing to the limited spatial extent of
the beamlets. The beamlets, whose centroids are arranged into an uniform spatial grid, have
the same length (ℓ0), width (d0), wavelength (λ0) and intensity (a0), and different (random)
phases. For each centroid location we can accommodate two beamlets with orthogonal
polarizations (polarization multiplexing). The laser field of each beamlet vanishes at a
distance from the centroid larger than ℓ0/2, longitudinally, and d0/2, transversally, and the
fields of beamlets with the same polarization do not overlap. As a consequence, energy is
additive (i.e., the total energy is the sum of the energy of the single beamlets). For simplicity,
in this example we will restrict the discussion to two-dimensional (2D) Cartesian geometry.
The generalization to the three-dimensional case is straightforward. The guiding of the
incoherent combination of pulses over distances much longer compared to the Rayleigh
length of the single laser beamlets, namely ZR ∼ πd
2
0/λ0, can be achieved by a plasma
channel with, transversally, a constant density over the domain occupied by the beamlets,
followed by steep plasma walls able to reflect and contain radiation from diffracting beamlets.
Because of multiple reflections, and interference between the fields of different beamlets, we
expect the total electromagnetic radiation driving the wake to have a complex pattern. In
Fig. 2 we show the evolution of the rms transverse size of the energy distribution, σx(s),
s = ct being the propagation distance, for a combination of 208 beamlets initial arranged
in an array of 13 × 16 (see Fig. 2 caption for the laser and plasma parameters). We see
that the laser energy from the combination is well guided over distances significantly longer
than the Rayleigh length of the beamlets. The two insets show snapshots of the laser energy
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FIG. 2. Guiding of a mosaic of beamlets. Evolution of the rms transverse size of the energy
distribution, σx(s), for a combinations of 208 = 13×16 identical beamlets (the field of each beamlet
has a cosine-squared dependence but longitudinally and transversally) with a0 = 1.5, ℓ0 = 4 µm
(total pulse length), d0 = 15 µm (total pulse width), λ0 = 0.8 µm. The background plasma density
is n0 = 0.9 ·10
17 cm−3. The beamlets are tiling a 2D domain 55 µm ≃ λp/2 long and 144 µm wide.
The two insets show time snapshots of the laser energy density at the beginning of the simulation
(left), and after some propagation distance in the plasma (right), where the laser field exhibits an
incoherent pattern.
density at the beginning of the simulation (initial beamlets configuration), and after some
propagation distance in the plasma, where the laser field exhibits a clear incoherent pattern.
The wakefield generated by the mosaic of incoherent beamlets is presented in Fig. 3.
The laser and plasma parameters are the same as in Fig. 2. In Fig. 3a we show a 2D map
of the longitudinal wakefield generated by the incoherent combination after a propagation
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FIG. 3. Wakefield generated by a mosaic of beamlets. a, Map of the longitudinal wakefield,
Ez(ζ, x), generated by the incoherent combination of 208 beamlets (same parameters as in Fig. 2)
after a propagation distance s = 1.8 mm in the plasma. b, On-axis lineout of the longitudinal
wakefield for the incoherent combination (red line) and for a single coherent pulse with a0,coherent =
0.8 and same length and rms spot size as the incoherent combination (black dashed line). This
inset shows the integrated momentum gain, ∆uz(ζ, s) ≃ −(e/mc
2)
∫ s
0 Ez(ζ, x = 0, s
′)ds′, for a
relativistic particle initially located in kpζ ≃ −10 (maximum accelerating field). The black and red
lines refer, respectively, to the momentum gain in the coherent and incoherent case.
distance s = 1.8 mm. In Fig. 3b we show the on-axis lineout of the longitudinal wakefield
8
for the incoherent combination (red line) and for a single coherent pulse (uniform transverse
intensity profile) with an intensity such that a0,coherent = 0.8, and with the same length and
rms spot size as the incoherent combination (black dashed line). We notice that, behind the
driver region, the wake from incoherent combination is regular and its amplitude is the same
as the one from a single coherent pulse. The noisy field structure observed in the lineout of
Ez, due to multiple reflections from walls and interference of beamlets, does not affect the
energy gain of relativistic particles accelerated in the wakefield. This is shown in the inset of
Fig. 3b, where we compute the integrated momentum gain as a function of the propagation
distance for a relativistic particle initially located in kpζ ≃ −10 (maximum accelerating
field). The black and red lines in the inset refer, respectively, to the momentum gain in
the coherent and incoherent case. No significant difference is observed in the momentum
gain in the two cases (∼ 2% difference in the energy gain after 10 mm propagation). The
total energy of the combination of pulses exceeds the one of the coherent pulse by ∼ 10%.
This (moderate) loss in the efficiency of the combination can be partially ascribed to the
fact that the varying transverse intensity profile within each beamlet results in an effective
less-than-unity fill factor.
In summary, we have shown that it is possible to efficiently excite a wakefield for LPA
applications with an incoherent combination of multiple, low-energy, laser pulses. Since no
phase control is required, we expect that the fundamental requirements to achieve inco-
herent combination are more relaxed compared to coherent combination, thereby enabling
a technologically simpler path for design of high-average power, high-repetition rate LPA
applications.
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